The existing UPM low speed wind tunnel was usually occupied by students, who carried out their final year projects or postgraduate researches, so that there was hardly free time slot for any additional testing work. Due to this reason, a new wind tunnel project has been started recently. Some basic specifications of the new tunnel have been pre-selected before the project was started, which comprised the following design decisions: a tunnel speed of 50 m/s, a test section area of 1×1 m 2 , and a closed circuit tunnel type. It wouldn't be difficult to perceive that this pre-selection was made based on some of the trade-off results among the project's options and constraints. This paper is aimed to present a simple analysis on the design of the new tunnel, focusing only on its basic geometries. Some design decisions that have been made related to its basic geometries are analyzed and reported in this paper. This analysis may be considered as a design verification of the new tunnel or even perhaps be regarded as scientific justification for its existence.
Introduction
The existing open-circuit type UPM low speed wind tunnel (UPM-LST), as shown in Fig. 1 [1] , was usually occupied by student's activities, in bachelor level or in postgraduate research level. It was often noted that not only UPM's students who conducted wind tunnel tests in this tunnel but also those who were coming from other universities or research institutions. The joy in witnessing the growing interests of students in wind tunnel has been amplified by realizing that they are not only measuring forces on aircraft models but also visualizing flow fields around non aeronautical objects such as rotating cylinders, vertical axis wind turbines, or even helmet for motor cyclist.
Since the demands were currently higher than the tunnel can deliver, Department of Aerospace Engineering of UPM took a step in planning the new wind tunnel. It was realized thereafter that the new tunnel would reveal similar basic specification as the existing one. In fact, the new tunnel shall have the same closed test section of 1×1 m 2 area and the same maximum tunnel speed of 50 m/s. But in contrast to the existing one, the new wind tunnel circuit shall be based on a closed circuit type, which must have been chosen not just for the sake of diversity but as a compromise among expectations, options and constraints.
It is also obvious, that the principal likes to have a low turbulence and more uniform flow, which can be obtained from the option of a good closed circuit type wind tunnel. It is therefore expected that these basic specifications be complied by the contracting company through a proper design work, component fabrication with good craftsmanship, and a sufficiently precise installation. As a matter of facts, installation and commissioning of the new facility will be due during the second half of 2014, which would be followed by subsequent comprehensive calibration activities. At the time this paper was written, there was a progress report released by the contracting company stating that the layout and design of the wind tunnel have been completed. Based on the request with regard to this paper, the contracting company has granted a special permit to the authors to publish any pertinent design data of the new wind tunnel [2] , provided that it is in alignment with the objectives of the paper and the project. As an example of the conducted design work, Fig. 2 has been chosen to demonstrate the layout of the new wind tunnel.
Methodology of the Wind Tunnel Design Analysis
Since the results of computational fluid dynamic calculation (CFD) would need validation, all design products in engineering sense would also require verification. A prototype is usually used to demonstrate its functionality in a real predicted condition through a series of experiments. This kind of prototype's examination finds its particular place, especially, in flight testing of new designed aircraft. A wind tunnel is not different, as its design or its subsequent built facility would need that kind of verification also. It seems however impractical and doesn't make any sense if one wishes to verify a wind tunnel design by experimenting inside another wind tunnel. The only practical method for design verification of a wind tunnel is perhaps by retracing some of the major conceptual design decisions while applying the common wind tunnel design processand methodology.
Actually, apart from the obvious differences in levels of complexities, conceptual design process of wind tunnels, propeller driven aircrafts or jet aircrafts shares a common design philosophy and general methodology, i.e. a new design is usually based on evolutionary changes from previously existing products that are valued as successful. Consequently, historical and statistical data from previous successful wind tunnels would be needed as it may serve as the starting point for the conceptual design of the new wind tunnel. This kind of data are readily available in many books or publications, for example in [3, 4] . The same design philosophy and methodology will be therefore used in this paper, which will take a significant portion of the analysis.
Analysis and Discussion
Size and Speed. As state in previous section, the size and speed of the new wind tunnel just appear to be a replica from the existing one. However, decision on size and speed of the new wind tunnel is now becoming a part of a new design product, which is to be verified, whereas the similarity with the existing one should be considered as just a matter of coincidence. Since most wind tunnels generally have the common mission and purpose of meeting the testing need of aircraft's research and development, it could be perhaps the right procedure to verify the size and speed of the wind tunnel by asking, what test can be done for what aircraft? This question may be answered, for example, by carrying out the following simulation.
Assuming that the wind tunnel will be used for the development testing of a light aircraft, whose maximum gross takeoff weight according to known aviation regulation is 5,670 kg (12,500 lb) [5] , or perhaps better to use a smaller light sport aircraft type (LSA), whose maximum gross takeoff weight is only 600 kg (1,320 lb) as illustrated in Fig. 3 [6]. Wing size of this aircraft type can be guesstimated based on similar aircraft. An aircraft in LSA category may have a mean aerodynamic chord (MAC) of, say, 1.5m, and fly at speed and Mach number during landing approach of, say, V Applied Mechanics and Materials Vol. 629 = 130 km/h and M = 0.1, respectively, and with a flight Reynolds number that is based on the mean chord at sea-level condition of about 3.7millions [7] .
Landing and takeoff characteristics of aircraft are indeed among the crucial aspects in design process, which require wind tunnel examination. In landing approaches, aircraft would fly generally at high angle of attack with extended high-lift devices to generate the maximum lift coefficient (C L,max ). High-lift devices such as flaps are usually developed in wind tunnels and supplemented by extensive CFD's works.
In addition, it can be observed that stalling characteristics of aircraft's wings depend strongly on Reynolds number and Mach number, as it can be shown also that similarity of the flows about different bodies is obtained only if the bodies are geometrically similar and if the Reynolds number and the Mach number are the same. Since the flight Mach number of LSAs is low anyway, there is no need to keep discussing Mach number any further. However, Reynolds number is significantly reduced due to the smaller scale of the model, which is in turn determined by the test section size. Table 1 shows a simulation that is made to calculate the Reynolds number of test models of the assumed LSA, where it is further assumed that the test would be conducted in two wind tunnels of different sizes, i.e. in 1×1 m 2 and in 3×2 m 2 at two different wind speeds, 50 m/s and 80 m/s, and on three different model types, i.e. 2-dimensional airfoil model, 3-dimensional half model and 3dimensional full model. Table 1 reveals that only one Reynolds number in the tunnel that is sufficiently close to its flight value (R e = 4.1 millions), which is obtained in larger wind tunnel at V = 80m/s, while other Reynolds numbers show much lower values. The Reynolds numbers in the tunnel are just too small compared to those in flight. These differences would lead to a situation of having two different aerodynamic coefficients, a situation that is often faced by most test engineers. Since they are supposed to make test results as useful as it is intended for, they would try to extrapolate the test results to full scale values, which is difficult to do due to well known phenomena of scale effects.
Scale effects on Clark-Y airfoil models have been investigated in three different wind tunnels of NACA many years ago, i.e. in the variable-density tunnel, the full-scale tunnel and the propellerresearch tunnel, where there were three airfoil chords of 1.2 m, 1.8 m and 2.4 m, which were tested at speed between 11 m/s to 53 m/s, obtaining Reynolds numbers between 1 to 9 millions. The test results are plotted in 2 curves as shown in Fig. 4 . The obvious differences between results from variable-density tunnel and full-scale tunnel were believed at that time to be due to different turbulence level in both tunnels. Small turbulence flow of 0.35% was estimated for the full-scale tunnel, which is almost identical with the value measured in free air, while the critical Reynolds number in the variable-density tunnel indicated higher turbulence of 2.5%. The derived conclusion from this investigation revealed that almost all characteristics of the Clark-Y airfoil vary with Reynolds number, particularly in terms of the maximum lift coefficient, the angle of zero lift, the slope of the lift curve, and the drag [8] . Beside the effects of turbulence in the tunnel, results from 
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other tests conducted in the variable-density tunnel indicated that thin, medium and thick airfoils with different cambers respond differently to change in Reynolds number as it has been known for many years that the stalling characteristics of airfoils at a wide range of Reynolds number depend greatly on which of the four different types of stall may occur at a certain Reynolds number, i.e., thin-airfoil stall, leading-edge stall, combined leading-and trailing-edge stall and trailing-edge stall [9, 10] . It is therefore possible for a single airfoil to exhibit all types of stall depending on the Reynolds number, as demonstrated in Fig. 5 for NACA 64 1 -012 airfoil [10] .
The definition of rules or formulas for extrapolating small tunnel data to the equivalent real flight results is, consequently, questionable. Instead, a complete quantitative evaluation of sources of experimental discrepancy must be made uniquely for each wind tunnel before the correlation and standardization of wind tunnel data to a flight basis can be effected. As it has been always difficult to predict the scale effect on C L,max with no exact and rational method for making a transformation from best wind tunnel information to the desired flight characteristics, many aerodynamicists postulated that C L,max extrapolation from wind tunnel test data to flight Reynolds number data must be an art work and not an applied science anymore [10] . However, experience always serves as a useful guide. One effort would be to increase test Reynolds number approaching closer to real flight Reynolds number as such that extrapolation is less risky. But this, in other words, would mean that the chosen wind tunnel size should be as large as possible. Ideally, a tunnel should be large enough to test a full scale vehicle but the basic specifications of a new wind tunnel, including the definite size of the test section, are the only trade-off results of many options and constraints. Besides, in most small research tunnels at universities everywhere, the prospect of achieving or even approaching operational Reynolds number is usually beyond the available budget.
Type of Wind Tunnel. There are only two basic types of wind tunnel in principle, i.e., open circuit and closed circuit wind tunnels. The former has some characteristics such as it needs a relatively small space and less investment. Although its air temperature can be kept about constant, it has a drawback as it requires high energy to operate, noisy and generates a poorer flow quality. The latter would need more space and relatively more expensive to built but it has inherent advantages that it consumes less energy, and if it is designed carefully, it would generate a controlled, high quality flow inside the test section.
Since it is also quite obvious from experiences that the option of closed test section within a close circuit wind tunnel would give more probability in obtaining a good quality and a well controlled flow, the current selection in this point can be appreciated well.
Circuit Geometry. The aerodynamic objective for most wind tunnels is to obtain a test section flow that is a parallel steady flow with uniform speed throughout the test section [3] . This objective may be achieved in a closed circuit wind tunnel by configuring its important elements, which if starting with the test section and going downstream, it will include the elements: test section, first diffuser, first Corner, first cross leg, and so on (see Fig. 2 ). Table 2 shows designed data of the new UPM Figure 4 : Scale effect on Clark-Y airfoil [8] wind tunnel [2] , with flow quantities based on standard sea level condition: p = 101,325 Pa, ρ = 1.225 kg/m 3 , and µ = 1.789 x 10 -5 kg/ms, as atm pressure, air density and air viscosity, respectively.
Test Section. The test section will have a rectangular (square) shape, which is acceptable, since the shape of the test section must have been decided based on the utility and consideration of the aerodynamics of the models to be tested [2] .
Diffusers. Table 2 reveals also that there are six diffusing parts of the circuit with opening angles and area ratios between 2θ = 0.2 0 with A R = 1.02 to 2θ = 24 0 with A R = 2.13. Since it has been already investigated in [4] that a diffuser with 2θ < 5 0 with A R < 2.5 would guarantee the best flow steadiness, the first five diffusing elements match well with the rule and can therefore be accepted. However the last diffusing element, the WAD, even though the area ratio is less than 2.5, it shows a much larger diffuser included angle of 24 0 . At this angle, the wall boundary layer separates, producing disturbances to wind tunnel flow. However, this kind of diffuser may still be used if it incorporates boundary layer control, which is often done, among others, by installing screen(s).
Important parameters in wide-angle diffuser are A R , 2θ, K and n, where n being the number of screens inside the diffuser and K being the ratio of pressure drop to the dynamic pressure, with A R being less than 1.14×K sum +1. Design data of more than 100 wide-angle diffusers have been collected and plotted on a graph, which reflect curves of successful diffusers, it has been concluded that for a diffuser to operate successfully, it must lie to the left of the relevant curve as in Fig. 6 [4] .
The UPM WAD geometry is also plotted on the graph, which says that at least one screen with K's value of about 1.2, has to be installed inside the WAD. In the UPM's case, it is quite fortunate, because as based on design data, the UPM-WAD will be indeed equipped with one screen, which is shown in Fig. 7 that also recommends two screen's options [2] .
Settling Chamber & Nozzle. The settling chamber element seems cubical because its dimension shows a size of 3×3×3 m 3 . In this chamber, the flow would experience its minimum velocity of less than 5.6 m/s but accelerated 9 times by the contraction to reach the envisaged maximum speed of 50 m/s. The nozzle (contraction) will have a horizontal length of 3 m and shall be designed carefully to avoid separation. It is also known from design data [2] that important equipments will be installed in the settling chamber, consisting of four turbulence screens: with d=0.61 mm, l=2.54 mm, and β=0.577, and one flow rectifier (honeycomb) as shown in Fig. 8 , which reveal the desired specifications because there will be about 100,000 (i.e. more than enough) cells inside the chamber. It is expected that the incoming flow after the fourth corner would be non-uniform, having high turbulence and swirls due to fan rotation. Combination of honeycombs, four screens of correct specifications in the settling chamber, with one screen in the wide-angle diffuser and a well designed and fabricated contraction element would improve the flow significantly. By assuming that the average turbulence level downstream of the fourth corner is about 5%, it is then possible by means of the above combination to obtain a uniform, swirl-free flow inside the test section with turbulence level of about 0.2% [11] . 

Concluding Remarks
Design of the new closed circuit low speed wind tunnel of UPM has been analyzed by applying common wind tunnel design process and methodology that is based on evolutionary changes from previously existing products that are valued as successful. Some historical and statistical data of previous successful wind tunnels have been used to serve as references for verification of the new UPM wind tunnel. It can be concluded that the conceptual design of the new wind tunnel is within the allowable domain of safe design. The ultimate quality of the tunnel would still depend on other factors, such as the fan design, circuit fabrication & installation, as well as precise installation of many internal wind tunnel equipments such as honeycomb and screens.
